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® A method of measuring a profile of an object 
wherein an ultrasonic wave is radiated from an ultra- 
sonic transducer toward an object supported by a 
supporting member in the water filled in a water 
tank, and a wave reflected at the surface of the 
object is detected by the transducer, and an appara- 
tus for carrying out the method. A traversing device 
moves the transducer sequentially to a plurality of 
measurement points on an arc equidistant from a 

g predetermined rotational center while opposing the 
transducer to the predetermined rotational center A 
supporting device moves the supporting member 
relative to the transducer and sets the object in the 
0> predetermined position under water. A control device 
delivers a drive signal to the traversing device to 
l^move the transducer sequentially to the measure- 
COment points, causes the transducer to radiate an 
^ultrasonic wave when the transducer is in each of 
the measurement points, calculates a distance be- 
tween the transducer and the surfac of the object In 



LU 



accordance with a difference between the time the 
transducer radiates the ultrasonic wave and the time 



transducer receives the wave reflected at the surface 
of the object, calculates coordinates of each of the 
measurement points, and coordinates of the surface 
of the object con'esponding to each of the measure- 
ment points from the calculated distance, and ob- 
tains the profile of the object from the calculated 
coordinate of the surface of the object at each of the 
measurement points. 

FIG.1 
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METHOD OF MEASURING A PRORLE OF AN OBJECT AND AN APPARATUS FOR CARRYING OUT THE 

METHOD 



BACKGROUND OF THE INVENTION 

The present invention relates to a method of 
measuring a profile of an object under the water in 
a non-contact and non-destructive manner and with 
high precision by ultrasonic waves, and a measure- 
ment apparatus for carrying out the method. 

A profile of an object which is made of a 
hydrophilic, soft material and is wetted in use, such 
as a soft contact lens (hereinafter merely referred 
to as "lens" in the description), needs to be mea* 
sured with the object kept in a condition similar to 
actual use. Here, the "profile of an object" to be 
measured includes not only the contour of a sec- 
tion of the object but also the thickness, curvature 
radius, etc.. of the object throughout the description 
unless otherwise defined. Conventionally, to mea- 
sure the profile, a lens, taken out of water, is cut 
and the longitudinal section thereof is magnified 
using a projector, or a lens is observed while 
immersed under water by an optical instrument 

In the former method wherein the lens is taken 
out of water for measurement, the lens must be cut 
and accordingly is unsalable, and since water 
evaporates from the lens, the lens is deformed and 
thus accurate measurement cannot be ensured. 
Furthermore, cutting and measurement of the lens 
are carried out manually, and therefore measure- 
ment enror varies greatly depending on the skill In 
measurement 

On the other hand, the latter method In which a 
lens under water Is measured by an optical instru- 
ment is disclosed in Japanese Patent Laid-Open 
Publication No. 52-70849. In this method, a lens Is 
placed on a lens table having a predetermined 
effective diameter, with a convex surface thereof 
directed upward, and a focusing piate is moved so 
that graduation "A" marked thereon is on a level 
with the vertex of the convex surface of the lens, 
while watching the vertex of the lens through a 
window formed in a side wall of a water tank by an 
optical system. Subsequently, the lens Is moved up 
from the lens table by a probe so that the vertex 
thereof is on a level with graduation "B" of the 
focusing plate, whereby tiie base curve of the lens 
is obtained from the amount of movement of the 
measurement part. In this method, the measure- 
ment is canied out with the lens Immersed under 
the water and therefore no deformation occurs in 
the lens. However, since only limited information 
(i^.. Uie effective diameter of the lens table, th 
distance between the graduations "A" and "B" of 
the focusing plate, and the distance over which the 



probe is moved) is available, the ov rail profile of 
tiie lens cannot be measured. 

There have been proposed a metiiod in which 
ultrasonic waves are irradiated to an object to be 

5 measured, and the difference in time between re- 
flected wave signals reflected at the surface of the 
object and reflected wave signals reflected at the 
surface of a base on which the object is placed is 
used to obtain tiie thickness of the object a meth- 

10 od in which ultrasonic waves are made to enter an 
object at the critical angle, and the attenuation of 
reflected waves produced as tfie result of leakage 
of elastic surface waves propagated along the sur- 
face of ttie object by the incident energy is used to 

75 obtain the thickness of the object (e.g.. Japanese 
Patent Laid-Open Publication No. 60-120204), etc. 
In these metiiods, however, the ultrasonic trans- 
ducer is fixed at a predetermined position relative 
to tiie object to be measured, and accordingly only 

20 tiiickness information at a certain point of \he ob- 
ject can be obtained and it is not possible to obtain 
a tiiickness distribution of the object. 



25 OBJECTS AND SUMMARY OF THE INVENTION 



A primary object of tiie present Invention is to 
provide a method of measuring a profile of an 
30 object, which is capable of measuring tiie contour 
of a section, tiie tiiickness, tiie tiiickness distribu- 
tion, the curvature radius, and tiie like of a soft 
object such as a soft contact lens or any object 
Immersed in the water with accuracy and in a non- 
35 contact and non-destructive manner. 

Another object of the invention is to provide an 
apparatus for measuring a profile of a soft object 
such as a soft contact lens or any object immersed 
in ttie water witii accuracy and in a non-contact and 
40 non-destructive manner. 

The present invention provides a method of 
measuring a profile of an object by radiating an 
ultrasonic wave from an ultrasonic transducer to an 
object under water and detecting a reflected wave 
46 reflected at a surface of tiie object. The ultrasonic 
transducer is moved sequentially to a plurality of 
measurement points on an arc equidistant from a 
predetermined rotational center while being op- 
posed to tiie predetenmlned rotational center. The 
50 ultiBSonic transducer radiates an ultrasonic wave 
toward tiie predetermined rotational center at each 
of tiie measurement points on the arc. A reflected 
wave which has been radiated from tiie ultrasonic 
transducer and reflected at tiie surface of the ob- 
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ject is received by the ultrasonic transducer. A 
distanc between the ultrasonic transducer and the 
surface of the object is calculated in accordance 
with a differ nee between the ttm the ultrasonic 
transducer radiated the ultrasonic wave and the 
time the ultrasonic transducer received the reflect- 
ed wave reflected at the surface of the object. 
Coordinates of the surface of the object are cal- 
culated from coordinates of each of the measure- 
ment points and the calculated distance con-e- 
sponding thereto, and the profile of the object is 
obtained from the calculated coordinates of the 
surface thereof at each of the measurement points. 

As needed, the thickness of the object is ob- 
tained from the coordinates of the front surface of 
the object opposed to the ultrasonic transducer and 
the coordinates of the back surface of the same. 

The ultrasonic transducer is swung about the 
center of the ultrasonic radiation surface thereof at 
each of the measurement points while the intensity 
of the reflected wave at the surface of the object is 
measured, to detect an angle of swing where the 
Intensity of the reflected wave is maximum. The 
coordinates of the surface of the object are ob- 
tained from the detected angle of swing, in addition 
to the coordinates of each of the measurement 
points and the calculated distance conresponding to 
each of the measurement points. 

The coordinates of each of the measurement 
points are calculated from an angle of rotation by 
which the ultrasonic transducer is turned along the 
arc about the predetermined rotational center, and 
a reference distance between the ultrasonic trans- 
ducer and the predetermined rotational center. The 
reference distance is obtained by preparing a refer- 
ence measurement Jig of which a distance between 
a center and a surface thereof Is measureable, 
arranging the reference measurement jig substan- 
tially concentrically with the predetermined rota- 
tional center, radiating an ultrasonic wave from the 
ultrasonic transducer toward the predetenmined ro- 
tational center, measuring a distance between the 
ultrasonic transducer and the surface of the refer- 
ence measurement jig through a detection of the 
reflected wave at the surface of the reference mea- 
surement jig, and adding the measured distance to 
the distance between the center and the surface of 
the reference measurement jig. 

The reference distance obtained in this manner 
is preferably corrected by arranging a calibration 
piece whose surface configuration and curvature 
radius are known, In a predetermined position in 
place of the object, measuring coordinates of the 
surface of the calibration piece at each of the 
measurement points while the ultrasonic transducer 
is moved along the arc. and calculating the cur- 
vature radius of the surface of the calibration piece 
from the measured coordinates so that the cal- 



culated curvature radius is substantially equal to 
the known curvature radius. 

Preferably, the velocity of the ultrasonic wave 
propagated through th object is obtained by plac- 

6 ing a test piece of 3ubstantially the same material 
as that of said object a reference plane spaced at 
a known distance from the ultrasonic transducer, 
radiating an ultrasonic wave from the ultrasonic 
transducer toward the test piece, obtaining a thick- 

10 ness of the test piece and a time of propagation of 
the ultrasonic wave through the test piece by de- 
tecting reflected waves reflected at the front and 
back surfaces of the test piece, and. calculating the 
velocity of the ultrasonic wave from the obtained 

/5 thickness and propagation time. 

Still preferably, a reference measurement jig, 
instead of the object, is an-anged substantially con- 
centrically with the predetemrtined rotational center, 
and an ultrasonic wave is radiated from the ultra- 

20 sonic transducer. The ultrasonic transducer is 
swung about the center of the ultrasonic radiation 
surface while detecting a reflected wave at the 
surface of the reference measurement jig, and the 
ultrasonic transducer Is fixed at a swung position 

25 where an intensity of the reflected wave detected 
by the ultrasonic transducer is maximum or the 
distance over which the ultrasonic wave is propa- 
gated from radiation and reception thereof by the 
ultrasonic transducer is minimum, whereby the 

30 center of propagation of the ultrasonic wave radi- 
ated by the ultrasonic transducer is set to substan- 
tially intersect the predetermined rotational center. 

According to another aspect of the invention, 
an apparatus for measuring a profile of an object is 

35 provided wherein the profile is measured by radiat- 
ing an ultrasonic wave from an ultrasonic trans- 
ducer to an object supported by supporting means 
under water filled in a water tank and detecting a 
reflected wave reflected at a surface of the object. 

40 First moving means moves the ultrasonic trans- 
ducer sequentially to a plurality of measurement 
points on an arc opposed to the object and equi- 
distant from a predetermined rotational center, and 
second moving means moves tiie supporting 

45 means relative to the ultrasonic transducer, and 
sets the object in tiie predetenmined position in the 
water tank. Control and calculation means delivers 
a drive signal to the first moving means to move 
tiie ultrasonic transducer sequentially to the mea- 

50 surement points, causes the ultrasonic transducer 
to radiate an ultrasonic wave when tiie transducer 
is in each of tiie measurement points, calculates a 
distance between the ultrasonic transducer and tiie 
surface of the object In accordance with a dif- 

55 ference between tiie time the ultrasonic transducer 
radiates tiie ultrasonic wave and the time tiie ultra- 
sonic tiransducer receives tiie reflected wave re- 
flected at tiie surface of tiie object, calculates co- 
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ordinatest of the surfac of the object from coordi- 
nates of each of the measurement points and the 
calculated distance corresponding thereto, and ob- 
tains the profile of the object from the calculated 
CO rdMatBS of the surface of the object at each of 
the measurement points. 

Preferably, the supporting means has a recess 
opposed to the ultrasonic transducer, for receiving 
the object, and a groove extending along the direc- 
tion of movement of the ultrasonic transducer and 
having a bottom deeper than that of the recess. 

Still preferably, swinging means Is provided for 
swinging the ultrasonic transducer about the center 
of the ultrasonic radiation surface of the transducer. 

According to the present Invention, an object to 
be measured is arranged in the water, and its 
profile is detected by ultrasonic waves. Therefore, 
it is possible to accurately measure the profile of 
an object which contains water and, if taken out in 
the air. is deformed due to the evaporation of 
water. Ultrasonic waves can be propagated through 
an object, and accordingly the profile of the back 
surface of the object, which cannot be measured 
optically, can be measured in a non-destructive 
manner. Further, according to the Invention, the 
ultrasonic transducer Is movable and accordingly, 
by processing the surface position data of the 
object in each measurement point by a computer, 
various profile information, such as the overall pro- 
file of the object the curvature radius of the sur- 
face, the thickness, the thickness distribution and 
the like can be obtained. The invention can be 
applied to the quality control of products, with the 
remarkable advantage that automatic quality control 
can be realized and inspection can be canied out 
for all products as the inspection is non-destructive. 

The above and other objects, features, and 
advantages of the present invention will become 
more apparent from the ensuing detailed descrip- 
tion taken in connection with the accompanying 
drawings. 



BRIEF DESCRIPTION OF THE DRAWINGS 



FIG. 1 is a diagram showing the positional 
relationship between an ultrasonic transducer and 
an object to be measured, having a convex surface 
facing the ultrasonic transducer, to explain the prin- 
ciple of measurement of a profile of an object 
according to the present invention; 

FIG. 2 is a diagram showing various points 
on the surface of the object to be measured, wttii 
respect to a coordinate system for calculating tiie 
curvature radius, thickness, etc., of the object; 

FIG. 3 Is a diagram showing the positional 
relationship between tiie ultrasonk: transducer and 



an object to be measured, having a concave sur- 
face facing the ultrasonic transducer, to explain a 
measurement principle similar to that of FIG. 1 ; 
FIG. 4 is a diagram showing tiie positional 
5 r lationship between the ultrasonic transducer and 
a lens, in which the edge profil of th lens is to be 
measured; 

FIG. 5 is a sectional side view of a measure- 
ment apparatus to which the method of the inven- 
70 tion is applied; 

FIG. 6 is a sectional front view of tiie appara- 
tus of FIG. 5: 

FIG. 7 is a sectional rear view of tiie appara- 
tus of FIG. 5; 

75 FIG. 8 Is a sectional view showing tiie inter- 

nal arrangement of an ultrasonic transducer; 

FIG. 9 Is a top view of a supporting means 
for supporting an object to be measured, appearing 
in FIG. 5: 

20 FIG. 10 is a longitudinal sectional view of tiie 

supporting means; 

FIG. 11 is a top view of a cover of tiie 
supporting means; 

FIG. 12 is a side view of the cover; 
25 FIG. 13 Is a sectional view showing tiie cov- 

er capped on tiie supporting means shown In FIG. 
5; 

FIG. 14 is a perspective view of a surge 
damping plates arranged in a water tank shown in 
so FIG. 5; 

FIG. 15 is a partiy sectional front view show- 
ing an arrangement of a water level adjusting de- 
vice; 

FIG. 16 is a block diagram showing an ar- 
35 rangement of a control unit for controlling tiie op* 
oration of the measurement apparatus shown In 
FIG. 5; 

FIG. 17 Is a side view of a prior art appara- 
tus for measuring a propagation speed of ultrasonic 
40 waves (velocity of sound) wlttiin an object to be 
measured; 

FIG. 18 is a block diagram showing a circuit 
an-angement used in tiie prior art apparatus shown 
in FIG. 17; 

45 FIGS. 19A and 19B are diagrams illustrating 

a metiiod of measuring the speed of ultrasonic 
waves propagated in the water; 

FIGS. 20A and 20B are diagrams illustrating 
a method of measuring tiie speed of ultrasonic 
50 waves propagated witiiln an object to be measured; 

FIG. 21 Is a flowchart of a process for mea- 
suring a profile of an object to be measured; 

FIG. 22 is a diagram illustrating a method of 
adjusting tiie axis of the ultrasonic transducer to be 
55 coincident witii tiie center of rotation of tiie sam ; 

FIGS. 23A, 23B, 24A and 248 are sectional 
views illustrating operation of the measurement ap- 
paratus, for the sake of explanation of a metiiod of 
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measuring the distance between an ultrasonic radi- 
ation surface of the ultrasonic transducer and the - 
center of rotation of th same: 

FIGS. 25A and 25B are diagrams for iilustrat- 
ing a method of calibrating the distance between 
the ultrasonic radiation surface and the center of 
rotation of the ultrasonic transducer, wherein FIG. 
25A is a side view of a glass ball for calibration and 
FIG. 25B is a partly sectional side view illustrating 
a profile measurement with the calibration glass 
ball placed on a supporting means; 

FIG. 26 is a diagram illustrating a method of 
locating a lens, as an object to be measured, at a 
predetermined position In the water tanic 

FIG. 27 is a top view showing a modification 
of the supporting means; 

FIG. 28 is a longitudinal sectional view of the 
supporting means of FIG. 27; 

FIG. 29 Is a partly enlarged sectional view 
showing ultrasonic waves reflected by a lens as an 
object to be measured, and by the bottom of a 
groove of the supporting means supporting the 
lens: 

FIG. 30 is a timing chart Illustrating the rela- 
tionship of timing at which the ultrasonic transducer 
transmits and receives ultrasonic waves, with tim- 
ing at which a sampling buffer memory shown in 
FIG. 16 samples the ultrasonic pulses received by 
the ultrasonic transducer; and 

FIG. 31 is a sectional view showing still 
another modification of the supporting means for 
supporting the object. 

DETAILED DESCRIPTION 



Principle of Measuring a Profile of an Object 

The principle of measuring a profile of an ob- 
ject according to the present invention will be de- 
scribed with reference to RG. 1. in which is illus- 
trated an example of measuring a profile of a lens 
under water. In FIG. 1 . an ultrasonic transducer 1 is 
movable sequentially and stepwise between mea- 
surement points along an arc 5 about point 0 as 
the center of rotation, by a driving unit such as a 
pulse motor, etc. With every movement over a very 
small measurement angle (scanning angle) /8. the 
ultrasonic transducer 1 radiates ultrasonic pulses 
UP toward the rotational center 0. A lens 3. which 
Is an object to be measured, is arranged between 
the transducer 1 and the rotational center 0 with a 
convex surface (front surface) 3a thereof opposed 
to the ultrasonic transducer 1. Specifically, the lens 
3 is arranged such that the center of the curvature 
of the front surface 3a (the curvature of the front 
curve) is substantially coincident with (or close to) 



the aforementioned rotational center 0. Accord- 
ingly, the ultrasonic transducer 1 always faces the 
lens 3 and a line passing the transducer 1 and tiie 
rotational center 0 is substantially at right angles to 

8 the front surface 3a of tiie lens 3. For the ultrasonic 
transducer 1. a convergent type is preferably used, 
and therefore, tiie transducer 1 is located on the 
arc 5 such that tiie distance between the ultrasonic 
radiation surface tiiereof and the front surface 3a of 

10 tiie lens 3 is substantially equal to tiie focal lengtii 
of the transducer 1. The measurement of profile of 
tiie lens 3 immersed in the water is canried out with 
tiie ultrasonic transducer 1. 

Ultrasonic pulses UP radiated at every small 

75 scanning angle 0 are reflected at tiie front surface 
3a and back surface 3b of the lens 3, and tiie 
reflected waves are received by the ultrasonic tran- 
sducer 1. In this case, given tiiat the distance 
between tiie ultrasonic radiation surface of the tran- 

20 sducer 1 and the center 0 of rotation is Ro. the 
angle between a reference horizontal axis X and a 
straight line passing the center 0 of rotation and 
the transducer 1 in a position from which measure- 
ment of profile of the lens 3 is started. I.e.. a 

25 starting position No. is a, the number of times the 
transducer 1 is moved at the scanning angle 0 
between the starting position No and measurement 
position N is n, tiie period of generation of sam- 
pling pulses for sampling the signals received by 

30 tiie transducer 1 is T. tiie time period from tiie time 
the transducer 1 radiates an ultrasonic pulse UP to 
Uie time It receives the pulse UP reflected by tiie 
front surface 3a and returned into tiie water Is t, the 
number of the above-mentioned sampling pulses 

35 generated from tiie time of generation of tiie ultra- 
sonic pulse UP to tiie time tiie pulse UP reaches 
the front surface 3a of tiie lens 3 is Co, the velocity 
of sound In the water is V, the coordinates of a 
point on the front surface 3a measured at the 

40 measurement position N are (x.y), and tiie distance 
between the location (x.y) on the front surface 3a 
and tiie center O of rotation is R1 . then tiie values 
x and y are given by tiie following equations (1) 
and (2)7 

45 X = R1 X cos(/3 X n + a) (1) 

y - R1 X sln(i9 X n + a) (2) 

where R1 = Ro - V x t/2 (3) 

= Ro - V X Co X T/2 (4) 

In Uie above equations (1) to (4), T, Ro, V, a, 
50 and /3 are measurable values, and accordingly tiie 

coordinates (x.y) of tiie point on tiie front surface 

3a can be obtained by giving the values n and Co. 

By obtaining tiie coordinates (x,y) at Individual 

measurement points on tiie front surface 3a of tiie 
65 lens 3 while traversing tiie ultrasonic transducer 1 

from tiie starting position No to measurement nd 

position Na, tiie profile of the front surface of the 

lens 3 can be measured. 
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In the case of measuring a lens under water, 
for example, in which the acoustic impedance 
changes at the interface between the front surface 
of the lens and water and between the back sur- 
face of the lens and water, ultrasonic pulses are 5 
reflected not only at the front surfac but at th 
back surface of the lens, and these reflection sig- 
nals can be received by the ultrasonic transducer 
1. By detecting the ultrasonic pulses reflected by 
the back surface, it is possible to obtain the coordi- io 
nates (xz.yz) of a point on the back surface 3b by 
the following equations (5) to (7). 
X2 = R2 X cos(^ X n + a) (5) 
y2 = R2 X sin(^ x n + a) (6) 

R2 = Ro - (V X 1/2 + V2 X t2/2) (7) JS 
where Va is the velocity of the ultrasonic waves 
propagated through the lens 3, tz is the difference 
between the time of reception of the ultrasonic 
pulse signal reflected by the front surface 3a and 
the time of reception of the ultrasonic pulse signal 20 
reflected by the back surface 3b. and R2 is the 
distance between the coordinates (X2.y2) on the 
back surface 3b and the center 0 of rotation. 

Accordingly, the profile of the back surface 3b 
of the lens 3 can be measured by obtaining the zs 
coordinates (X2,y2) at individual measurement 
points between the starting position No and the 
measurement end position N2 of the ultrasonic 
transducer 1. 



Calculation of the Thickness and Thickness 
Distribution of Lens and the Curvature Radius 
of Base Curve 



Now. a method of calculating the thickness and 
thickness distribution of a lens, and the curvature 
radius of the base curve of the lens regarded as a 
part of a spherical body, by using the position data 
obtained as above, will be described with reference 
to FIG. 2. 

Here, assuming that the back surface 3b of the 
lens 3 is spherical, the position data of arbitrary 
three points A. B, and C on the back surface 3b Is 
selected from the measurement data obtained in 
the above-described manner, and their coordinates 
are defined as (Xa.Ya). (Xb.Yb), and p(c,Yc). re- 
spectively. From the position data, distances BC 
(- a), AC (s b). and AB (- c) are known, and 
therefore, curvature radius R3 can be obtained 
from the values a. b, and c. as 
R3 = abc/ {(a+b+c) (a-b+c) (b+c-a) (b-c+a)}^'^ 
(8) 

The coordinates (X.Y) of an arbitrary point on 
the bas curve of the back surface 3b is given by 
the general formula (9). 
pc-ai)2 + (Y-bi)2 = R32 (9) 
where ai and bi are the coordinates of the center 



O1 of the curvatur of the base curve. By selecting 
arbitrary two points from the position data of the 
back surface 3b and substituting their coordinates 
for X and Y in equation (9), the coordinates (ai.bi) 
of the center Oi of the curvature can be obtained. 
Assuming that the point of intersection of a line 
passing the center O1 and the point B. for exam- 
ple, with the front surface 3a is represented by D, 
the coordinates (Xd.Yd) of the point D is obtained. 
By calculating the distance BD from the coordinate 
data of the points B and D, the thickness of the 
lens 3 can be obtained. Calculation of the thickness 
is candied out at predetermined intervals from one 
edge to the opposite edge of the lens 3. thereby 
obtaining the thickness distribution. The curvature 
radius R3 obtained from equation (8) conresponds 
to that of the base curve. 

In the case of measuring a profile of a lens 
having a concave surface thereof opposed to the 
ultrasonic transducer, a method as illustrated in 
FIG. 3 may be preferably employed. In FIG. 3, like 
reference numerals are used to indicate like parts 
or elements in FIG. 1 . 

When a profile of a lens is to be measured by 
the method explained with FIG. 3, the lens 3 is 
an'anged opposite to the ultrasonic transducer 1 
with respect to the center O of rotation of the 
transducer 1. Specifically, the lens 3 has a front 
surface (concave surface) 3a' thereof opposed to 
the ultrasonic transducer 1. and is located on a 
side opposite to the transducer 1 with respect to 
the center 0 of rotation of the transducer 1 , so that 
the center of the curvature of the front surface 3a' - 
(the curvature of the base curve) is substantially 
coincident with (or close to) the above center 0 of 
rotation. Accordingly, the ultrasonic transducer 1 
faces the lens 3, and a line passing the transducer 
1 and the rotational center 0 is always substantially 
perpendicular to the front surface 3a of the lens 3. 
40 Also in this case, given that the distance be- 
tween the coordinates (x.y) of a point on the front 
surface 3a' and the center 0 of rotation is R1, x 
and y are obtained from the above equations (i) 
and (2). R1 is. in this case, obtained from equation 
4$ (10). 

Rl = V X t/2 - Ro 

= V X Co X T/2 - Ro (10) 

Given that the distance between the coordi- 
nates (X2.y2) of a point on the front surface 3b' and 
50 the center 0 of rotation is R2. X2 and ya can be 
obtained from equations similar to (5) to (7), but R2 
is given by the following equation (11). 
R2 = (V X t/2 + V2 X t2/2) - Ro (11) 

FIGS. 1 and 3 illustrate a general, prefen^ed 
55 method for measurement of a profile of an object 
• immersed in water, but the method of the present 
invention can be applied, though limitedly, to mea- 
surement of a profile of an object anranged be- 
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tween the ultrasonic transducer and the center of 
rotation of the transducer and having a concave 
surface thereof opposed to the transducer, for ex- 
ample. In this case* satisfactory measuremerit can 
be effected if tha object to be measured has such 
a profiie that the dir ction in which the ultrasonic 
pulses are reflected at the front and back surfaces 
of the object falls within a predetermined angular 
range (e.g., ilO*) with respect to the line passing 
the transducer and the center of rotation. Fun- 
damentally, however, the profile measurability de- 
pends on the performance of the ultrasonic trans- 
ducer used and the capability of the detection 
drcuit for detecting the reflected ultrasonic pulses. 

Principle of Measurement of the Profile of 
Lens Edge 

When a profile of an object Is measured by 
radiating ultrasonic waves from the ultrasonic trans- 
ducer and detecting the reflected waves, the re- 
flected waves need be detected reliably separate 
from noise and the like. To this end, the ultrasonic 
transducer of a convergent type is used to obtain 
an improved signal-to-noise ratio, but if the object 
to be measured has a complex profile. e.g., a 
rugged surface, or is largely inclined to the center 
of ultrasonic radiation of the transducer, the reflec- 
- tion signals diverge to lower the signal-to-noise 
ratio, thus making it difficult to accurately measure 
an object of complex profile. 

FIG. 4 illustrates a method capable of measur- 
ing a profile of an object in which the direction of 
reflection of the ultrasonic waves from the front and 
back surfaces of the object falls witiiin the above- 
mentioned predetermined angular range witii re- 
spect to the line passing the ultrasonic transducer 
and its rotational center. This method is applied, for 
example, to measurement of the profile of edges 
3c of tiie lens 3. 

When the ultrasonic transducer 1 is moved on 
the arc 5 of the radius Ro about the center 0 of 
rotation, the ultrasonic radiation surface of the tran- 
sducer 1 always faces tiie rotational center 0. as 
Indicated by the two-dot chain line in FIG. 4. There- 
fore, when tine profile of a side surface 3d of the 
edge 3c of tiie lens 3 opposed to the transducer 1 
is to be measured, the ultrasonic pulse radiated 
from tiie center CTD of the transducer 1 is re- 
flected at point E of the surface 3d and is propa- 
gated In the direction F. Since the reflected wave Is 
not propagated to tiie center CTD of the trans- 
ducer, the intensity of tiie reflected wave received 
by the transducer 1 Is small and thus profiie mea- 
surement cannot be canied out 

Thereupon, if tiie transducer 1 is swung at 
angle ] about tiie center CTD ttiereof so that tiie 



center of ultrasonic radiation of tiie transducer 1 Is 
perpendicular to tiie opposed surface 3d of Uie 
lens edge, then tiie ultrasonic pulse radiated from 
the transducer 1 is reflected at point Q on tiie 

5 opposed surface 3d and follows tiie same way 
back to the transducer 1. In practive, the trans- 
ducer 1 is swung about the point CTD while ultra- 
sonic pulses are continuously radiated from the 
transducer 1 , to find the angle j where the intensity 

10 of the reflected waves is the maximum or the 
propagation time of tiie ultrasonic pulses (the time 
period from the radiation of an ultrasonic pulse to 
the reception of tiie same) is tiie minimum. The 
coordinates p(.Y) of tiie point G can be obtained 

75 from the following equations (12) to (15). 
X = r )c cos(K + P) (12) 
Y = r X sln(K + P) (13) 
K = tan-' {ri x sin j/(Ro-ri x cos j)} (14) 
r s ri X sin j/sin k (15) 

20 where P is the angle of the line passing the center 
CTD of tiie ultrasonic transducer 1 and tiie rota- 
tional center 0 witti respect to tiie reference line (X 
axis), K is the angle of tiie line passing the center 
CTD and tiie rotational center 0 witii respect to the 

25 line passing tiie point G and tiie rotational center 
0, and ri is the distance between the center CTD 
and the point G. measured by the transducer 1 . 

For the measurement of a profile of a lens, a 
measurement accuracy of not greater tiian tiO um 

30 is required, and therefore, the ulti-asonic b'ansducer 
1 to be used should be capable of radiating ultra- 
sonic waves with a frequency of not smaller than 
30 MHz. To meet tiiis requirement, an ultrasonic 
transducer provided with a macromolecular plezo- 

35 electric film, as described hereinafter, is preferably 
used. Furtiier, the limit for tiie resolution corre- 
sponds to the half-wavelength of the reflected 
wave, and to achieve such resolution, it is neces- 
sary to carry out sampling at an Interval shorter 

40 than tiie time required for the reflected wave to 
cover the distance conresponding to the half- 
wavelength. In consequence, a sampling period of 
at least 60 MHz is needed for tiie sampling of tiie 
reflected waves. 

46 

Arrangement of the Meaeurement Apparatus 

FIGS. 5 through 16 show tiie arrangement of a 
50 measurement apparatus to which tiie method of tiie 
invention is applied. The measurement apparatus 
comprises a traversing device 10 for supporting tiie 
uiti-asonic transducer 1 and moving the same In an 
arc spaced from a rotational axis 2. a supporting 
55 device 20 for supporting an object to be measured 
and indexing tiie setting positions for the object, a 
water tank 30. an Ro measuring device 40 for 
measuring tiie distance Ro between tiie ultrasonic 



7 



13 



(i 357 ?2a A2 



radiation sun'ace of the transducer 1 and th rota- 
tional axis 2. and other elements, these devices 
and elements being securely mounted on a base 
50. 



Traversing Device 

l^rst. the arrangement of the traversing device 

10 will be described. A disc 11 is anranged in the 
water tanic 30 substantially in contact with the cen- 
tral portion of the rear wall of the tanl< 30. and a 
rotary shaft (scanning shaft) 11 a. which is integral 
with the disc 11 and extends from the center of the 
back surface thereof (the surface opposed to the 
rear wall of the water tank 30) at right angles 
thereto, rotatably projects through the rear wall of 
the tank 30 in a liquid-tight manner to the outside 
of the tank. The disc 1 1 is rotatable on the axis of 
the rotary shaft lid as the axis 2 of rotation. A 
groove lib (RG. 6) with a predetermined width is 
formed in the front, surface of the disc 11 (the 
surface opposed to an object to be measured, as 
mentioned later) along the diameter thereof, and a 
slider 12 is fitted in the groove lib. A cytlndrica! 
boss 11d for receiving an Ro measuring jig 74 
(FIG. 23A), referred to later, is mounted to the disc 

11 under the slider 12. 

The slider 12 is supported to be slidabie along 
the groove lib, and the distance Ro between the 
slider 12 and the above-mentioned rotational axis 2 
is adjusted by an Ro adjusting screw 14. The 
distance Ro adjusted by the Ro adjusting screw 14 
is read by the Ro measuring device 40. 

The Ro measuring device 40 comprises an 
elevating means 41 set up on the base 50 and 
having a rotatable and vertically movable rod 41a. 
a dia( gauge 42, and an arm 43 secured at one end 
to the rod 41a of the elevating means 41. support- 
ing at the other end the lower end of the dial gauge 
42, and extending substantially horizontally. As the 
adjusting screw 41c is rotated with a securing 
screw 41b loosened, the rod 41a of the elevating 
means 41 moves vertically, whereby the dial gauge 
42 can be moved to a desired height The arm 43 
is turned and a probe 42a of the dial gauge 42 is 
brought into contact with the upper end face of the 
upright slider 12 of the traversing device 10. and 
thereafter the slider 12 is moved vertically by the 
above-mentioned Ro adjusting screw 14, whereby 
the amount of relative movement of the slider 12 
can be measured. Accordingly, the distance Ro of 
the ultrasonic transducer 1. described hereinafter, 
is measured. When the dial gauge 42 is not used, 
the arm 43 is rotated In the direction away from the 
traversing device 10 so that the dial gauge 42 may 
not interfere with the traversing device 10. 

A rocking plate 13 is mounted to the slider 12 



by a pin shaft 13a (FiG. 6). Th upper nd face of 
the rocking plate 13 is in the fonn of an arc about 
the pin shaft 13a as the center thereof, and is 
form d with a worm gear 13b. A worm 16a formed 

5 in an adjusting screw 16 (FIG. 6) meshes with the 
worm gear 13b, the adjusting screw 16 being 
rotatably supported by the slider side 12. The 
adjusting screw 16 is used to adjust angle 7 of the 
ultrasonic transducer 1. and as the screw 16 is 

70 turned fonvard or backward, the rocking plate 13 
rocks about the pin shaft 13a. A holder 15 for 
holding the transducer 1 is secured to the rocking 
plate 13. and when the transducer 1 is mounted to 
the holder 15. it is positioned such that the ultra- 

16 sonic pulses therefrom are directed to the aforesaid 
rotational axis 2. The transducer 1 is electrically 
connected to a control device 60 (FIG. 16) refen-ed 
to later, by a lead wire la. which is embedded in 
the disc 11 and the rotary shaft 11a and extended 

20 to the control device side. 

A worm gear 11c (FIG. 7) is securely mounted 
to the projecting end of the aforesaid rotary shaft 
11a. and a worm 18a which is mounted to the drive 
shaft of a pulse motor 18 meshes with the worm 

25 gear 11c. Rotation of the pulse motor 18 Is trans- 
mitted to the disc 11 at a predetermined reduction 
gear ratio provided by the womn 18a and the worm 
gear 11c. The rotational position of the disc 11 is 
detected by a reference rotational position detector 

30 19. Specifically, the reference rotational position 
detector 19 comprises a dial plate 19a secured to 
the back surface of the womn gear 11c. a zero 
point sensor 19b, etc. A reference line 19c (FIG. 7) 
Is marked at a predetermined position of the dial 

35 plate 19a. and the zero point sensor 19b is ar- 
ranged at the back of the dial plate 19a and sup- 
ported at a predetermined position by a support 
plate I9d set up on the base 50. The angular 
position of the ultrasonic transducer 1 assumed 

40 when the zero point sensor 19b detects the refer- 
ence line 19c of the dial plate 19a corresponds to 
substantially the middle between the aforemen- 
tioned starting point No and the measurement end 
position N2. By driving the pulse motor 18 by a 

4S predetermined rotational angle from the position 
where the zero point sensor 19b detected the refer- 
ence line 19c, the transducer 1 can be moved to 
the starting position No. A left turn limit sensor 19e 
(FIG. 7) and a right turn limit sensor 19f (FIG. 7) 

so are mounted to the support plate 19d at predeter- 
mined symmetrical positions of the center thereof, 
and when these sensors 19e and 19f detect the 
reference line 19c, the operation of the pulse motor 
18 Is stopped, whereby the disc 11 and thus the 

65 transducer 1 are prevented from turning beyond 
the allowable range. The left and right turn limit 
sensors 19e and 19f of the zero point sensor 19b 
are electrically connected to the control device 60 
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(FIG. 16) d scribed hereinafter 



Ultrasonic Transducer 

FIG. 8 shows the arrangem nt of an ultrasonic 
transducer for use in the apparatus of the present 
invention. The ultrasonic transducer 1 has an un- 
derwater transducer type anrangement In FIG. 8. 
reference symbol lb denotes a piezoelectric ele- 
ment comprising a macromolecular piezoelectric 
film. The lower surface of the piezoelectric element 
lb as viewed in the figure acts as an operating 
surface capable of radiating ultrasonic waves to 
outside and detecting ultrasonic waves from out- 
side. A operating surface-side electrode 1c com- 
prising a metallized layer is provided on the operat- 
ing surface. A protective film Id made of a water- 
resistant material Is coated on the outer surface of 
the operating surface-side electrode 1c. The ultra- 
sonic transducer 1 Is a convergent type and ac- 
cordingly the operating surface of the piezoelectric 
element lb is concave (semispherical). 

At the back of the piezoelectric element lb, 
i.e.. on the side opposite to the operating surface* 
is provided a block-like electrode 1e, which serves 
as an acoustic back load for the piezoelectric ele- 
ment lb and is formed of brass. The block-like 
electrode 1e has an end face If remote from the 
piezoelectric element lb. in which a conical recess 
symmetricai in section Is formed. Angle a of the 
vertex of the conical recess is preferably not great- 
er than 90* (a^ 90* ). 

A head cover 1g serves as a signal ground for 
the transducer and covers the transducer substan- 
tially entirely. The head cover 1g is electrically 
connected to the operating surface-side electrode 
lc by soldering or electroconductive bonding. A 
head case 1h insulates the block-like electrode 1e 
from the head cover lg, and the block-like elec- 
trode le is fitted in the head cover lg with the 
head case 1h interposed therebetween, thereby 
accurately setting the center of ultrasonic radiation 
of the apparatus. 

A lead wire 1m extending from a central con- 
tact Ik of a coaxial connector 1J is connected to 
the end face (If) side of the block-like electrode le. 
the body of the coaxial connector 1j being elec- 
trically connected to the head cover lg. To the 
coaxial connector 1j is connected a high-frequency 
power supply circuit (an ultrasonic 
transmission/reception unit 64 of a control circuit 
60 described hereinafter) for producing a high- 
frequency pulse voltage, by means of which the 
piezoelectric element 1b is expanded and con- 
tracted to produce ultrasonic waves. 

The outer peripheral surface of the transducer 
is covered with cases In and 1p made of resin, but 



these cases may be made of metal. 

In the above-described arrangem nt the ma- 
terial of the block-like electrode le may be a metal 
other than brass, such as aluminum, copper, stain- 

5 less steel, or the like, or may be resin. In the case 
of using a resin, the surface of th resin block is 
subjected to a metallizing process, e.g.. plating, 
vacuum evaporation, sputtering, etc., whereby the 
resin can be electrically connected to the coaxial 

10 connector having the function of an electrode. The 
operating surface-side electrode 1c is formed by 
carrying out a metallizing process using copper, 
aluminum, gold, nickel or the like, and coating the 
metallized surface with the protective film Id, but 

15 when a water-resistant material such as gotel is 
used, no protective film need be formed. 

Further more detailed information with respect 
to an ultrasonic transducer will be obtained from 
referring to U.S. Patent No. 4,577.132 or U.S. Pat- 

20 ent No. 4,578.442. 



Supporting Device 

25 Next, the supporting device 20 supporting an 
object to be measured will be described. The de- 
vice 20 is provided for fine adjustment of the 
setting position of the object 3 to be measured, in 
the Y- and Z-axIs directions. Speclficaily, the 

30 object, e.g., the lens 3. is set in the water tank 30 
while supported by a supporting means 21. The 
supporting means 21 is secured on a horizontal 
portion 22a of a bracket 22 having an L-shaped 
section. The bracket 22 has a vertical wall 22b 

35 extending upward above the water tank 30, and the 
upper end of the wall 22b is slidably attached to 
the tank-side wall surface of a Y-axis slide stage 24 
provided with a Y micrometer 23. As a fine adjust- 
ment screw of the Y micrometer 23 is turned, the 

40 bracket 22 is allowed to move only in the Y-axis 
direction with respect to the Y-axis slide stage 24 
(i.e.. in the vertical direction, or the direction per- 
pendicular to the rotational axis 2). The Y-axis slide 
stage 24 is slidably mounted to a Z-axis slide stage 

45 26 having an L-shaped section. The Z-axis slide 
stage 26 is provided witii a Z micrometer 25. and 
as a fine adjustment screw of the Z micrometer 25 
is tumed, the Y-axis slide stage 24 is allowed to 
move only in the Z-axis direction with respect to 

50 the Z-axis slide stage 26 (i.e., from right to left and 
vice versa as viewed in FIG. 5, or in the direction of 
tiie rotational axis 2). Furtiier, tiie Z*axis slide stage 
26 is slidably mounted to an X-axis slide stage 28 
provided with an X micrometer 27. A a fine adjust- 

55 ment screw of the X micrometer 27 is tumed. the 
X-axis slide stage 26 is allowed to move only in the 
X-axis direction with respect to tiie X-axis slide 
stage 28 (i.e., In ttie direction perpendicular to tiie 
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Y-axis direction as well as to the Z-axis direction). 
The X-axis slide stage 28 is secur d on a support 
post 29 set up on th has 50. As is clear from 
FIG. 5. the braci<et 22 arranged in the water tank 
22 is connected by the Y-axis slide stage 24 to th 
Z-axis slide stage 26. the X-axis slide stage 28, 
and the support post 29. 



Supporting Means 

FIGS. 9 and 10 show the details of the support- 
ing means for supporting an object to be mea- 
sured. The supporting means 21 Is generally cylin- 
drical in shape and has a proximal end integrally 
formed with an annular flange 21a The annular 
flange 21 a serves to stably fix the supporting 
means 21 on the bracket 22. A small-diameter 
projection 21b projecting downward from the center 
of the bottom of the supporting means 21 is fitted 
in a hole 22c bored at a predetermined position of 
the horizontal portion 22a of the bracket 22. there- 
by fixing the supporting means 21 in position, in 
the upper end face of the supporting means 21 Is 
formed a recess 21c with a diameter sllghtiy great- 
er than that of the lens 3 and a depth hi. and a 
blind hole 21 e with a diameter smaller than that of 
the lens 3 is formed in a manner concentric with 
and contiguous to the recess 21c. A bottom sur- 
face 21 f of tile hole 21 e is in tiie form of a cone 
having a V-sliaped section. The depth hi of the 
recess 21c is set to such a value that the lens 3 is 
never floated or moved even by a subtie flow of the 
water in tiie tank 30. The bottom surface 21 f of the 
hole 21 e is V-shaped in section and tiius is in- 
clined, so that the ultrasonic waves radiated from 
tiie transducer 1 and passed through the lens 3 are 
scattered and do not follow the same way back to 
the transducer 1 when reflected by the supporting 
means 21. Thus, almost only tiie profile information 
from the object 3 is permitted to be received by 
tiie transducer 1. 

Also in tiie upper end face of the supporting 
means 21 is fonned a groove (ultrasonic scanning 
groove) 21 d having a depth greater than the deptii 
hi of the recess 21c by h2 and a width w and 
passing the center of the supporting means 21 in 
tiie direction of traverse of tiie ultrasonic transducer 
1 p<-axis direction). The groove 21 d enables mea- 
surement of the profile of tiie bevel (edge) of tiie 
lens 3. The depth h2 is set to a sufficient value 
such tiiat when ultrasonic pulses are radiated from 
tiie transducer 1. the reflection signal reflected at 
tiie surface of tiie lens 3 can be separated and 
distinguished from tiie reflection signal reflected at 
tiie bottom of the groove 21 d below tiie lens 3, as 
described hereinafter. The groove width w is deter- 
mined by assembling precision of tiie transducer 1 



and set to a value at least greater than the diam- 
eter of converged ultrasonic pulses. 

FIGS. 11 to 13 show a cover 46 capped on the 
supporting means 21 as needed, for reducing the 
5 influence of tiie disturbance of water caused when 
tiie ultrasonic transducer 1 is moved. The cover 46 
is substantially cylindrical and open at its lower 
end. and has an inner diameter slightly greater 
than the outer diameter of the supporting means 21 
10 so tiiat the cover 46 Is fitted around the supporting 
means 21. The cover 46 has a conical upper end 
with an upper convex end face 46a, and an open- 
ing 46c Is cut in the upper end face 46a and 
extends in the diameter direction to an outer pe- 
ls ripheral wall 46b thereof. The opening 46c Is 
formed such tiiat. when the cover 46 is fitted ar- 
ound tiie supporting means 21, it substantially co- 
incides with tiie groove 21 d of the supporting 
means 21. 

20 After tiie lens 3, as tiie object to be measured, 
Is placed on the supporting means 21. the cover 46 
is capped on tiie supporting means 21 , as shown 
in RQ. 13. The water In tiie tank 30. when dis- 
turbed by movement of tiie ultrasonic transducer 1. 

25 flows upward along the upper end face 46a of tiie 
cover 46, as indicated by tiie arrows in FIG. 13. 
Due to the conical upper end face 46a. the water 
flow is smooth and the disturbance of water near 
tiie lens 3 within tiie cover 46 can be prevented. 

30 Since the opening 46c of the cover 46 substantially 
corresponds in shape to the groove 2td of tiie 
supporting means 21, It does not interfere witii the 
propagation of the ultrasonic waves radiated from 
the transducer 1 and reflected at tiie surface of tiie 

3S lens 3. 



Surge Damping Plates 

40 The lens 3 is merely placed on the supporting 
means 21 , and tiierefore, when the ultrasonic trans- 
ducer 1 Is traversed under water, tiie water in the 
tank 30 is disturbed to produce a surge. It is 
therefore necessary tiiat tiie lens 3 should not be 

45 floated or moved from the supporting means 21 by 
such surge. FIG. 14 show surge damping plates 
31, 32 and 33 arranged in the water tank 30 for 
reducing, as low as possible, surging of tiie water 
caused by movement of the ultrasonic transducer 

50 1. The surge damping plates 31, 32 and 33 each 
comprise a generally L-shaped plate member so 
that tiiey do not Interfere with the traversing device 
10 or tiie bracket 22 of the supporting device 20. A 
plurality of small holes 31a to 33a are formed in 

55 tiie plates 31 to 33, respectively, to damp tiie 
surge in the water tank 30. 
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Water Level Adjusting Device 

FIG. 15 shows a water level adjusting device 
which comprises a second water tank 35 vertically 
movably arranged near the water tank 30. an ele* 
vating devic 38 for vertically moving th wat r 
tank 35, etc. A port 35a is formed near the bottom 
of the water tank 35, whereas a port 30a is formed 
near the bottom of the water lank 30. These ports 
35a and 30a are connected by a flexible hose 36, 
thus communicating the water tanks 30 and 35 with 
each other. The elevating device 38 is a pan- 
tograph type comprising a plurality of links, 
wherein the distance between coupling points 38b. 
38b of the upper and lower links of the pantograph 
38a is changed by an adjusting screw 38c, to 
extend and collapse the pantograph 38a and thus 
rise and lower the water tank 35. As the water tank 
35 is moved upward, water 4 in the tank 35 flows 
into the tank 30 through the hose 36. whereby the 
water level of the tank 30 rises. To lower the water 
level of the tank 30. the water tank 35 is lowered. 

By using the water level adjusting device de- 
scribed above, the introduction and discharge of 
water into and from the water tank 30 can be 
carried out very easily, and the water level can be 
easily adjusted without splashing water or surging 
the water surface. If the ultrasonic transducer 1 is 
immersed in the water at all times, inconveniences 
such as peeling of the piezoelectric film are liable 
to occur, which lead to . deterioration of the char- 
acteristics of the transducer 1. Therefore, the water 
level adjusting device may be used to prevent 
wetting of the transducer 1. by lowering the water 
level when the apparatus is not used, whereby the 
service life of the transducer 1 can be remarkable 
prolonged. 



Control Device 

FIG. 16 shows a schematic anrangement of a 
control device 60. The control device 60 comprises 
a computer 61 which executes a predetermined 
program stored in a storage device, not shown, to 
control the operation of the traversing device 10. 
the radiation and reception of ultrasonic pulse sig- 
nals by the ultrasonic transducer 1. judgment, pro- 
cessing and calculation based on various input 
signals, etc.; a pulse motor control unit 65a having 
an Input connected with the aforementioned zero 
point sensor I9b. and left and right tum limit sen- 
sors I9e and I9f and connected to the computer 
61 by a bus cable or the like; a pulse motor driving 
unit 65b connected to the output of the pulse motor 
control unit 65a, for delivering a drive signal to the 
pulse motor 18; and interftoe unit 62 connected to 
the computer 61 by a bus cable or this like, for the 



exchange of input/output data; an ultrasonic wave 
transmitting/receiving unit 64 connected to the in- 
terface unit 62 through a sampling buffer memory 
63. for delivering a drive signal to the ultrasonic 
s transducer 1 to radiate ultrasonic pulses therefrom, 
and converting the reflected ultrasonic pulses, de- 
tected by the transducer 1, into electrical signals 
which are supplied to the sampling buffer memory 
63: a temperature sensor 69a for detecting the 
w temperature of the water in the tank 30; an 1/0 port 
69b connected to the input side of the computer 
61, for delivering the temperature signal detected 
by the temperature sensor 69a. etc.. to the com- 
puter 61; and other elements. To the output side of 
15 the computer 61 are connected a CRT display 66 
for displaying an instruction menu for the computer 
61. measurement results, etc.. a printer 67 for 
printing the measurement results, etc.. and a floppy 
disk drive 68 for storing data such as the measure- 
so ment results. 

The pulse motor 18, the sensors such as the 
zero point sensor 19b, the pulse motor control unit 
65a. the pulse motor driving unit 65b. the tempera- 
ture sensor 69a. the I/O port 69b. etc. comprise a 
25 drive/control system, whereas the ultrasonic trans- 
ducer 1, the ultrasonic wave transmitting/receiving 
unit 64. the sampling buffer memory 63, the inter- 
face unit 62. etc. comprise a signal processing 
system. 

30 Now, measurement of a profile of the lens 3. 
carried out by the measurement apparatus con- 
structed as above, will be described. The control 
device 60 is operated through a selection of a 
menu displayed on the screen of the CRT display 

3$ 66 by a mouse, not shown. 



Measurement of the Velocity of Sound 

40 Prior to measurement of a profile of the lens 3, 
velocities V and V2 of ultrasonic pulses propagated 
through the water and the lens 3. respectively, 
need be measured. To measure the velocity of 
sound propagated through an object of hydrophillc, 

45 soft material such as a soft contact lens, a method 
as shown in FIGS. 17 and 18 is known, which Is 
disclosed in "In Vivo Measurement of Sound Ve- 
locity of Tissue" by Y. Takehara et al., Japanese 
Journal of Medical Ultrasonics Proceedings of the 

60 46th Meiting (June, 1985) . The prior art measure- 
ment method will be described first. 

This prior art measurement method uses slide 
calipers 82 with an ultrasonic transducer, to mea* 
sure the velocity of ultrasonic waves propagated 

55 through an object 80 to be measured. The slide 
calipers 82 for measuring the thickness of the 
object 80 have opposed measurement surfaces 
82a and 82b to which a transmitter 83 and a 
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receiver 84 of the ultrasonic transducer ar at- 
tached, respectively. The calipers 82 ar provided 
with a meter 82c for indicating the thickness of the 
measured object. The transmitter 83 is connected 
to a pulse generator 85 and to input terminal CHI 
of a synchroscope 86. and the receiver 84 is con- 
nected to input terminal CH2 of the synchroscope 
86. With such a measurement instrument as this, 
thickness D of the object 80 is indicated by the 
meter 82c of the calipers 82. and time t of propa- 
gation of ultrasonic waves through the object 80 is 
indicated by the synchroscope 86. Further, by di- 
viding the measured thickness 0 by the propaga- 
tion time t. the velocity V2 (- D/t) of sound through 
the object 80 can be obtained. 

With the above prior art method, however, error 
in the thickness measurement is significantly large 
when a soft object such as a lens is clamped by 
the calipers 82, depending on the force applied to 
the object 80 by the measurement surfaces 82a 
and 82b of the calipers 82. Furthermore, since the 
propagation time is read on the screen of the 
synchroscope 86, measurement error varies from 
one observer to another and the resolution is poor 
(several hundreds of nanoseconds). 

Now, the method of measuring the velocities V 
and V2 by using the apparatus of the invention will 
be described with reference to FIQS. 19A. 19B. 
20A and 20B. 

First, the pulse motor 18 of the traversing de- 
vice 10 is driven to move the ultrasonic transducer 
1 to a position where the reference line I9c of the 
dial plate 19a is detected by the zero point sensor 
19b. In this position, the center of radiation of the 
ultrasonic transducer 1 (the direction of propagation 
of the ultrasonic pulses radiated from the trans- 
ducer 1) coincides with the Y-axis direction. In 
other words, the transducer 1 Is oriented in a 
direction turned by 90* from the X axis. Then, a 
reference block 70 is placed on the bracket 22 of 
the supporting device 20. and the water tank 35 of 
the water level adjusting device is moved up to 
gentiy fill the water tank 30 with water until the 
transducer 1 Is completely immersed in the water. 
While in this state, ultrasonic pulses are radiated 
from the ultrasonic transducer 1. and propagation 
time ti from the time the ultrasonic pulse is radi- 
ated to the time the transducer 1 receives tiie 
ultrasonic pulse reflected at the reference surface 
(the surface opposed to the transducer 1) 70a of 
the block 70 is measured (RG. 19A). Subsequent- 
ly, the fine' adjustment screw of the Y micrometer 
23 of the supporting device 20 Is turned to move 
the reference surface 70a by a suitable distance, 
and tiie distance li moved Is read from the gradu- 
ations of the Y micrometer 23. Ulfasonic pulses 
are again radiated from the transducer 1. and the 
propagation time ti is measured (FIG. 198). The 



velocity V of sound in the water is calculated from 
the following equation (A1): 
V = |tt|/Iti -t2|/2 (A1) 

To measure the velocity of ultrasonic pulses 

5 propagated tiirough the lens 3 as the object to be 
measured, first, ultrasonic pulses are radiated from 
the transducer 1 . as in the above method, but with 
no object placed on the reference block 70. and 
propagation time ta is measured, followed by tiie 

10 calculation of distance la between the transducer 1 
and the reference surface 70a. based on tiie ve- 
locity V of sound in the water obtained previously 
(FIG. 20A). 

I3 = V X t3/2 {A2) 

75 Next, a test piece 72 of about 1 to 3 mm thick, 
made of the same material as the lens 3, is placed 
on the reference surface 70a, and ultrasonic pulses 
are radiated from the transducer 1. to measure 
propagation time t* of the ultrasonic pulse signal 

20 reflected at tiie surface 72a of tiie test piece 72 
opposed to tiie transducer 1 and propagation time 
ts of tiie ultrasonic pulse reflected at tiie back 
surface 72b of tiie test piece 72. Then, tfie velocity 
V2 of ultrasonic waves propagated tiirough the lens 

25 is calculated from the following equations (A3) to 
(A6). 

U = V X U /2 (A3) 
Is » l3 - U (A4) 
Ats = (ts - U)/2 (A5) 

30 V2 - Is/Ats 

= [(t3 - t4)/(t5 - U)] X V (A6) 

where Ats is tiie time required for the propagation 
of tiie ultrasonic pulse through the test piece 72 
witii the tiiickness ts. 

35 Thus, tiie velocity of ultrasonic waves propa- 
gated through an object can be measured without 
contacting the object, and, If the propagation times 
of the ultrasonic pulses are measured at the afore- 
mentioned high-frequency sampling periods (e.g., 

40 60 MiHz), the resolution is improved (about 16 ns) 
and tiie velocity V of sound tiirough the object can 
be measured with high accuracy. 

In the at>ove velocity measurement, since the 
water temperature influences tiie velocity of sound 

45 to be measured, it is preferable that tiie tempera- 
ture of the water in tiie tank 30 be measured by the 
temperature sensor 69a and velocities V and Va of 
sound conrected by the water temperature during 
Uie measurement of profile of the lens be used. 

50 Further, tiie reference surface 70a may be 
moved in either direction, upward or downward, or 
instead of moving the reference surface 70a, tiie 
ultrasonic transducer 1 may be moved and the 
amount of tiie movement may be measured by the 

•65 dial gauge 42. 

The test piece 72 which is subjected to mea* 
surement of tiie velocity of sound may have any 
shape as far as the entire surface 72b ttiereof can 
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b9 brought into close contact with the reference 
surface 70a. Furth r, the surface of the test piece 
opposed to the ultrasonic transducer may be rug- 
ged to Sonne degree if at least a portion thereof to 
which ultrasonic pulses are radiated is snrtooth. 

The measurement of sound velocity described 
above may be can'ied out as required, and need 
not be done every time a profile of a lens is 
measured. 

The procedure of operating the measurement 
apparatus will now be described with reference to 
theflowchartof FIG. 21. 



Adlustment of the Center of Radiation of the 
Ultrasonic Transducer 

Rrst, the center of radiation of the ultrasonic 
transducer 1 is adjusted to intersect the rotational 
axis 2 of the same (Step S10). If the center of 
radiation of the ultrasonic transducer 1 Is not di- 
rected exactly to the rotational axis 2, error occurs 
in the measurement of profile of an object. To bring 
the center of radiation of the transducer 1 to a 
position directed to the rotational axis 2, the follow- 
ing procedure may be taken. 

First, as in the case of the measurement of the 
sound velocities V and V2, the pulse motor 18 is 
driven to move the ultrasonic transducer 1 to a 
position turned by 90* from the X axis. Next, the 
an Ro measurement jig 74 is attached to the boss 
I1d mounted to the center of the disc 11 of the 
traversing device 10. The Ro measurement jig 74 
comprises a cylindrical body 74a, and a projection 
74b protruding perpendicularly from one end face 
of the body 74a and integral therewith. By fitting 
the projection 74b in the hole of the boss lid. the 
jig body 74a can be mounted concentrically with 
the rotational axis 2 (see FIGS. 23A and 238). 

Subsequently, ultrasonic pulses are succes- 
sively radiated from the ultrasonic transducer 1, 
and the intensity and propagation time of the re- 
flected ultrasonic pulses are measured in a real- 
time manner. If, as Indicated by the two-dot chain 
line in FIG. 22. the center axis of radiation of the 
transducer 1 does not intersect the axis 2 of rota- 
tion and accordingly the ultrasonic pulses are re- 
flected at the surface CI of the Ro measurement 
jig 74 to be propagated In the direction 01, the 
intensity of the reflected waves received by the 
transducer 1 is very low and, as is clear from the 
figure, the distance measured (the distance be- 
tween points CTD and CI in the figure) Is greater 
than the distance to be measured (the distance 
between points CTD and B1). Thereupon, the tran- 
sducer 1 is swung about the pin shaft 13a through 
an adjustment of the adjusting screw 16 of the 
aforesaid traversing device 10 (RG. 6). so that the 



intensity of the reflected wav s obtained from real- 
time data is th maximum and the distance Ro 
calculated by a process described later is the mini- 
mum, thereby obtaining the optimum angle y - 

5 (reference angle), in this case, the ultrasonic pulses 
radiated from the transducer 1 (point CTD) are 
propagated to the rotational axis 2, as indicated by 
the solid line in FIQ. 22. and are reflected at point 
81 of the Ro measurement jig 74 nearest to the 

ro transducer 1 and returned to the point CTD follow- 
ing the same way. 

In this manner, the center of radiation of the 
ultrasonic transducer 1 is properly oriented in the 
direction intersecting the rotational axis 2 of the 

IS same, and if an en'or of the radiation center occurs 
during the manufactured of the body of the trans- 
ducer 1. such a transducer can be calibrated with 
ease and precision. The jig 74 used for the calibra- 
tion of the radiation center is preferably cylindrical 

20 In shape, as in the embodiment. The adjusting 
screw 16 may be adjusted such that the intensity 
of the reflected waves is the maximum and at the 
same time the calculated distance Ro is the mini- 
mum as mentioned above, or may be adjusted to 

25 obtain at least one of the maximum intensity and 
the minimum distance. 



Measurement of Distance Ro 

30 

Next, measurement and calibration of the dis- 
tance Ro between the radiation surface of the ultra- 
sonic transducer 1 and the rotational axis 2 are 
canried out (Step S11). The method of measuring 

35 the distance Ro will be described with reference to 
FIGS. 23A, 238, 24A and 248. 

Also in this case. Iil<e the measurement of the 
sound velocities V and Va, the transducer 1 is 
moved by driving the pulse motor 18 of tiie travers- 

40 ing device 10, to a position where the radiation 
center thereof is oriented In the Y-axis direction, 
i.e.. in the vertical direction to face the rotational 
axis 2. Then, the aforementioned Ro measurement 
jig 74 Is attached to the center of the disc 1 1 of the 

45 traversing device 10. The cylindrical body 74a of 
the Ro measurement jig 74 is machined with high 
precision, and radius 1^ of the body 74a is pre- 
viously measured with slide calipers, for example. 
The Ro adjusting screw 14 is then tumed to bring 

50 the ultrasonic radiation surface of tiie transducer 1 
into contact with Uie peripheral surface of tiie body 
74a of the Ro measurement jig 74 (see FIG. 23A), 
and the indication of tiie dial gauge 42 in tills state 
is recorded. 

55 Subsequentiy. the Ro adjusting screw 14 is 
reversely tumed to move the ultras nic transducer 
1 upward to a desired measurement position (see 
FIQ. 24A). and ttie indication of tiie dial gauge 42 
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in this state is recorded. Bas d on the graduations 
of the dta^ gauge 42 recorded previously and this 
time, distance Rs between the transducer 1 and the 
Ro measurement jig 74 is calculated (see FIG. 
248)i The distance Ro Is given by the following 
equation (B1). 
Ro = R* + Rs (31) 

This method is advantageous in that the dis- 
tance Ro can be obtained easily. However, since 
the assembling precision of mechanical portions of 
the traversing device 10 has a great influence on 
the distance Rs and the dial gauge 42 of the Ro 
measuring device 40 can measure only a vertical 
distance (along the Y-axis) due to its an'angement. 
a disadvantage arises in that only one point In the 
traverse direction of the ultrasonic transducer 1 can 
be measured. Further, the transducer 1 used is a 
convergent type and accordingly its ultrasonic gen- 
eration surface opposed to the object to be mea- 
sured is concaved. Therefore, the center of the 
radiation surface cannot be brought into contact 
with the peripheral surface of the Ro measurement 
jig 74, thus causing an error. 

To eliminate these disadvantages, the distance 
Ro may preferably be measured by the following 
method. 

In the foregoing method, after the Ro measure- 
ment jig 74 is attached to the disc 11. the ultra- 
sonic transducer 1 is brought Into contact with the 
jig 74i According to the preferred method, In con- 
trast the ultrasonic transducer 1 is not brought into 
contact with the jig 74. but is moved to a desired 
measurement position as shown in FIG. 24A. Then, 
ultrasonic pulses are radiated from the transducer 1 
separated from the jig 74. to measure the distance 
Rs. Wore specifically, the propagation time from 
the time an ultrasonic pulse is radiated from the 
transducer 1 to the time It is received by the 
transducer 1 after reflected at the peripheral sur- 
face of the Ro measurement jig 74 Is measured, in 
order to calculate the distance Rs> in this case, 
needless to say, the velocity V of ultrasonic pulses 
propagated through water, obtained in the afore- 
mentioned method, Is also used. Using the dis- 
tance Rs measured in this manner and the radius 
Ri measured with the slide calipers or the like, the 
distance Ro is obtained by the above equation 
(&t). 

This method can eliminate the aforementioned 
error occuning when the distance Rs is measured 
by using the dial gauge 42, as well as the en^or 
occurring when the observer reads the graduation. 
Further, the Ro measurement jig 74 used is cylin- 
drical, and accordingly the ultrasonic transducer 1 
may be turned around the rotational axis 2, i.e., the 
Rb measurement jig 74, by driving the pulse motor 
tS; to measur the distance Ro at a plurality of 
pointa. 8^ averaging a plurality of values measured 



at various points, it is possible to obtain a further 
accurate distance Ro. 



5 Calibration of Distance R 

When the profile and curvature radius of the 
object are calculated by the above equations (1) to 
(10) by using the distance Ro obtained as above, 

70 the resulting values sometimes differ largely from 
those of a mold from which the object (lens) is 
fonmed. The error chiefly derives from the mea- 
surement error of the reference distance Ro, and 
far less from errors of the other parameters. Con- 

75 sequently, the distance Ro need be calibrated as 
accurately as possible (Step 811). Calibration of 
the distance Ro can be carried out by using a 
precision glass bail of which the radius is l<nown 
previously. Specifically, the calibration is carried 

20 out by an optical method, or the like, as shown in 
FIG. 25A. A lens-like piece (reference ball) 76a 
which can be fitted in the recess 21c of the sup- 
porting means 21 is cut off from a precision glass 
ball 76 whose diameter (curvature radius) is pre- 
ss viously known, and Is placed on the supporting 
means 21 (FIG. 258). and the coordinates of the 
convex surface of the lens-like piece 76a are mea- 
sured by the measurement apparatus, as described 
hereinafter in detail. In this case, the reference 

30 distance Ro measured by the above-described 
method is used to calculate the coordinates. Then, 
the reference distance Ro is connected in such a 
way that the curvature radius calculated by the 
above equation (8) is equal to the known curvature 

35 radius of the lens-like piece 76a. In order to obtain 
the reference distance Ro further accurately, the 
coordinates of the convex surface of the lens-like 
piece 76a and the curvature radius of the same 
may be repeatedly calculated by using the cor- 

40 rected distance Ro, until the deviation between the 
calculated curvature radius and the known cur- 
vature radius becomes smaller than a predeter- 
mined value. 

Thus, the distance Ro can be easily calibrated, 

45 and by using the distance Ro thus calibrated in the 
measurement of an object, accuracy of the mea- 
surement of the object can be remarkably im- 
proved since an obtained curvature radius of the 
object can be compared with the known curvature 

50 radius of the glass bafi, serving as an absolute 
value. 

Instead of the precision glass ball for calibra- 
tion mentioned above, various balls such as a steel 
ball, ceramic ball, plastic ball or the like may be 
65 used for the calibration of the distanc R as far as 
they have a small coefficient of thermal expansion. 



14 



EP 0 357 505 A2 



28 



Selection of an Object to b Measured 

After the adjustment and cafibration described 
above, th type of an object to be measured is 
selected from the menu displayed on the screen of 
the CRT display (St p SI 2). For xample, as ob- 
jects to be measured, the aforementioned refer- 
ence bail (glass) 76a, soft contact lens 1 (water 
content 78%), soft contact lens I! (water content 
60%). and a hard contact lens are registered. The 
reflection signals from these objects have different 
levels, and therefore, it is necessary to adjust the 
gains of detection of the reflected ultrasonic pulse 
signals by the ultrasonic wave 
transmitting/receiving unit 64. To this end, different 
gains are stored previously corresponding to the 
registered objects, and the gain for the selected 
object is read out. Also, the aforesaid sound veloci- 
ties V2 are stored corresponding to the individual 
objects, and the velocity for the selected object Is 
read out. 

Next the temperature of the water in the tank 
30 is detected by the temperature sensor 69a, and 
the detected value is read (Step Si 3). The water 
temperature is used to conrect the value of the 
sound velocity in the water, and a suitable velocity 
in accordance with the read water temperature is 
automatically set 



Position Adjustment and Measurement of the 
Object 

Subsequently, the lens 3 as the object to be 
measured is placed in a predetermined position 
(Step SI 4). Adjustment of the position of the object 
will be described with reference to FIG. 26. 

After the calibration is properly carried out so 
that the center of radiation of the ultrasonic trans- 
ducer 1 Intersects the rotational axis 2, the pulse 
motor 18 is driven, as in the case of the calibration 
of the radiation center of the ultrasonic transducer 
1 , to move the transducer 1 to a position tumed by 
90' about the rotational axis from the reference X 
axis (i.e.. the position where the radiation center of 
the transducer 1 is at right angles to the X axis) 
and is fixed. While in this position, ultrasonic 
pulses are successively radiated from the trans- 
ducer 1. to can7 out real-time measurement of the 
intensity of tine reflected ultrasonic pulses. Based 
on the real-time data, tiie object 3 Is set in position 
by adjusting the X. Y and 2 micrometers 27. 23 
and 25 of the supporting device 20. so tiiat ttie 
Intensity of tiie reflected waves may be tiie maxi- 
mum. Specifically, the X and 2 micrometers 27 
and 25 are adjusted such that the equatorial sur- 
face of the lens 3 Is scanned by the ultrasonic 
transducer 1. while the Y micrometer 23 Is adjusted 



such that die ultrasonic pulses radiated from the 
transducer 1 are focused on the equatorial surface 
(opposed surface) 3a of the lens 3 to improve the 
slgnal-to-noise ratio. When the adjustment of the 

5 object 3 Is finished, the radiation center of the 
transducer 1 is directed perpendicular to the sur- 
face of the object 3 opposed to the transducer 1 . 

To reliably set tfie object 3 in the predeter- 
mined position, the ultrasonic transducer 1 is 

70 moved to position AA (e.g., 45* ) and position AB 
(e.g.. 135* ) indicated by the two-dot chain lines in 
FIG. 26, in addition to Uie above-mentioned posi- 
tion, and fine adjustment of tiie supporting device 
20 is canied out twice or tiiree times in a respec- 

75 tive position such that the intensity of tine reflected 
ultrasonic pulses is substantially the same in all 
positions. By doing tiiis, tiie profile of the object 3 
can be measured with increased precision. 

Next, a measurement mode Is selected (Step 

20 SI 5). Whetiier the measurement is carried out for 
the entirety of tiie lens 3 or the edge portion of the 
same is selected from the menu on the screen of 
the CRT display 68. 

After completing the preparation for measure- 

25 ment as above, the lens 3 as the object to be 
measured is placed on the supporting means 21 of 
tiie measurement apparatus which has beeri ad- 
justed in the above-described manner, witti the 
convex surface ttiereof opposed to the ultrasonic 

30 transducer 1. and tiie water tank 35 of the water 
level adjusting device Is moved up to gently fill tiie 
tank 30 with water until the transducer 1 is com- 
pletely immersed in the water. The adjustment of 
the radiation center of tiie ultrasonic transducer 1 

35 and the measurement and calibration of the dis- 
tance Ro in Steps S10 and S11 of FIG. 21, respec- 
tively, need to be canied out only once at tiie 
beginning of the preparation of measurement. 
Thereafter, only tiiose steps following SI 2 are re- 

40 peated. 

When a switch of an operator panel, not shown, 
of tiie control device 60 is operated, the computer 
61 of tiie control device 60 executes the predeter- 
mined program stored in the storage device, there- 

46 by carrying out measurement of a profile of the 
lens 3 in accordance witii a predetemnlned proce- 
dure described below (Step 816). 

Rrst, the computer 61 drives tiie pulse motor 
18 to move the ultirasonic transducer 1 to a position 

50 where the zero point sensor 19b can detect the 
reference line 19c of tiie dial plate 19a. and then 
tiie transducer l Is turned by the predetemnined 
angle to tiie starting position No (see FIG. 1). The 
computer 61 supplies drive signals to the ultrasonic 

65 wave transmitting/receiving unit 64 to cause tiie 
transducer 1 to radiate and receive ultirasonic 
pulses. The ultirasonic wave transmitting/receiving 
unit 64 not only causes tiie transducer 1 to radiate 
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ultrasonic puis s. but carri s out so-calied analog 
processing, such as amplification, filtering, detec- 
tion, peak hold. etc. of the reflected waves r ceived 
by the transducer 1. The signals received by the 
ultrasonic wave transmitting/receiving unit 64 are 
sampled at high speed by th sampling buffer 
memory 63. 

The sampling buffer memory 63 can be sup- 
plied with the signals from the ultrasonic wave 
transmitting/receiving unit 64 only when a gate 
signal is applied thereto. The delivery of the gate 
open signal to the sampling buffer memory 63 is 
started upon passage of a predetermined period 
after the computer 61 supplies the drive signal to 
the ultrasonic wave transmitting/receiving unit 64, 
and is ended upon passage of a predetermined 
period long enough to receive the reflection signals 
from the front and bacl< surfaces of the lens 3 as 
the object to be measured. The sampling buffer 
memory 63 is successh^ely supplied with and 
stores the states of the signals received by the 
ultrasonic wave transmitting/receiving unit 64 while 
high-level of clock pulses with a predetermined 
frequency (e.g.. 60 IVIHz) are applied thereto. The 
input time of a reflected wave signal is determined 
by the address of a memory location storing the 
high-level signal state. 

When the sampling at the starting position No 
is ended, the computer 61 delivers drive signals to 
the pulse motor driving unit 65, to turn the ultra- 
sonic transducer 1 on the arc 5 by slight angle ^ - 
(e.g., 0.72*), and causes the ultrasonic wave 
transmitting/receiving unit 64 to radiate and receive 
ultrasonic pulses and the sampling buffer memory 
63 to store the states of the signals received by the 
transmitting/receiving unit 64. In this manner, the 
sampling buffer memory 63 stores position data of 
the front and back surfaces 3a and 3b of the object 
of individual measurement points while the trans- 
ducer 1 turns about the rotational center O step- 
wise by the predetermined angle & from the start- 
ing position No to the measurement end position 
Nz. 

When reading of the position data of the front 
and back surfaces 3a and 3b of the object 3 from 
the starting position No to the measurement end 
position N2 is completed, the computer 61 cal- 
culates the coordinates of the surfaces 3a and 3b 
of the lens 3 based on the aforesaid equations (1) 
to (7). Using the coordinates obtained, the unit 61 
calculates the profile of the lens 3, the curvature 
radius of the base curve, etc. based on the equa- 
tion (8) etc., and displays the calculation results on 
tiie CRT display 66 (Step SI 7). The measurement 
data may be printed by the printer 67, or be stored 
in tiie floppy disk 68, as needed. 

If the edge of Uie object is not smoottily con- 
tinuous from the front curve, like tiie edge of the 



lens 3. and the radiation center of the ultrasonic 
transducer 1 is mX at right angles to tii measure- 
ment surface, tiie intensity of the ultrasonic pulses 
reflected at tiie surface of tiie edge portion is weak 

5 and tiius the signal-to-noise ratio is lowered, mak- 
ing it difficult to measure Uie profile of tiie edge 
portion. In this case, the rocking plate 13 is moved 
ttirough an adjustment of tiie adjusting screw 16 of 
tiie traversing device 10, to turn tiie transducer 1 

10 about the pin shaft 13a, i.e., about tiie center CTO 
of the ultrasonic radiation surface of the transducer 
1. thereby adjusting the aforementioned angle 7. 
Then, angle 7 of tiie transducer 1 where tiie inten- 
sity of tiie reflected waves is the maximum or the 

75 propagation time of the ultrasonic pulses is the 
minimum is read and keyed in from tiie operator 
panel to tiie computer 61. Based on tiie input angle 
7 of rotation, ttie computer 61 calculates tiie co- 
ordinates of the concave and convex surfaces by 

20 tiie equations (12) to (15). calculates tiie profile of 
tiie edge portion in tiie same manner as described 
above, and displays the calculation results on tiie 
CRT display 66. 

The adjusting screw 16 of tiie traversing device 

25 10 is operated manually by tiie observer, as de- 
scribed above, and tiie angle 7 of rotation is read 
by tiie graduations marked on the screw 16 and 
input to the computer 61 as the reference angle. 
Alternatively, a small-sized pulse motor may be 

30 coupled to the adjusting screw 16 and connected 
electrically to the control device 60, so tiiat the 
adjustment and reading of tiie rotation angle may 
be automatically carried out by the computer 61. In 
tiiis case, the measurement time can be shortened 

35 and reading error of tiie observer can be elimi- 
nated, thus improving tiie measurement accuracy. 
Further, since tiie pulse motor Is conti'olled by tiie 
control device, the adjusting screw 16 can be op- 
erated by a control program in which tiie backlash 

40 of the womn 16a and the wonm gear 13a Is com- 
pensated for, and tiius the measurement accuracy 
can be further improved. 

When a profile of the lens 3 is to be measured 
witii the concave surface opposed to tiie ultrasonic 

46 ti'ansducer 1, the bracket 22 of tiie supporting 
device 20 is lowered and, as shown In FIG. 3, the 
object 3 is located on a side opposite to tiie 
ti'ansducer 1 with respect to the rotational axis 2. 
Except tiiat tiie equations (10) and (11) are used to 

50 calculate tiie coordinates of tiie opposed surfaces 
and tiie back surface of tiie object 3, the measure- 
ment is carried out In the same manner as de- 
scribed above, and tiierefore detailed description 
tiiereof is omitted. 

56 The supporting means 21 shown in RGB. 9 
and 10 has a hole 21 e of a V-shaped section in the 
bottom surface 21 f tiiereof. and tiierefore distur- 
bance of water produced outside of the supporting 
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means '21 may be transmitted through the groov 
21 d to the inside, thus possibly moving the (ens 3. 
To prevent this, a supporting means 21 A with no 
such hole (21 e) may be used, as shown in FIGS. 
27 and 28. The supporting meats 2t A of FIGS. 27 
and 28 has the same arrangement as the support- 
ing means 21 of FIGS. 9 and 10. except for the 
hole 21 e. and therefore til<e reference numerals are 
used to indicate the coresponding parts or ele- 
ments and detailed description is omitted. 

In the case of using the supporting means 21 A 
of FIGS. 27 and 28, the depth hi of the recess 21c 
is desirably set to a value sufficiently greater than 
the sag value (height) of the lens 3, and by doing 
so. the influence of water surge In the tank 30 can 
be substantially reduced. 

Preferably, the space below the lens 3. con- 
taining water, should be as small as possible, and 
the depth h2 of the groove 21 d should be set to a 
value enough to permit the reflection pulse signal 
reflected at the surface of the lens 3 to be sepa- 
rated and distinguished from the reflection pulse 
signal reflected at the bottom of the groove 21 d 
below the lens 3. As shown in RG. 29. the ultra- 
sonic wave obliquely incident to the bottom surface 
of the groove 21 d of the supporting means 21 A Is 
scattered and is not returned to the ultrasonic tran- 
sducer 1 (the pulse reflected at point C in FIG. 29). 
Thus, only the waveis reflected at the front surface 
3a and the back surface 3b of the lens 3 are 
received by the transducer 1. However, when the 
central portion and the edge portion of the lens 3 
are measured, the ultrasonic pulses reflected at the 
bottom surface of the groove 21 d of the supporting 
means 21 A (the pulses reflected at points F and H) 
are returned to the transducer 1. To reliably distin- 
guish the waves reflected at points F and H from 
those reflected the the surfaces 3a and 3b of the 
lens 3. the depth h2 of the groove 21 d must be set 
taking the following into account. 

FIG. 30 shows the relationship between the 
timing of generation of ultrasonic pulse signals 
transmitted and received by the transducer 1 and 
tiie timing of sampling of the reflected pulse sig- 
nals by the sampling buffer memory shown in FIG. 
16. The transducer 1 radiates ultrasonic pulse PC 
at time pi upon lapse of ineffective time period t10 
after the ultrasonic wave transmitting/receiving unit 
64 Is supplied with the drive signal at time pO. and 
sequentially receives pulse PI reflected at the op- 
posed surface 3a of the lens 3 at time p4 upon 
lapse of time period til, pulse P2 reflected at the 
back surface 3b of the tens 3 at time P5 upon 
lapse of time period t12. and pulse P3 reflected at 
the groove 21 d of the holder 21 at time p7 upon 
lapse of time period tl3. The computer 61 delivers 
the gate signal to the sampling buffer memory 63 
at time p3 upon lapse of tim period TG after tiie 



delivery of the drive signal at time pO, thereby 
starting the sampling of tiie sampling buffer mem- 
ory 63, and stops ttie delivery of the gate signal at 
time p6 after passage of time period TS. Therefore. 

6 the output timing of the gate signal (time period 
TS). and ttie time t13; i.e.. ttie groove depth h2 
corresponding to die distance over which tiie ultra- 
sonic pulse is propagated, are set to suitable val- 
ues such that sampling buffer memory 63 can read 

w the pulses Pi and P2 reflected at the front and 
back surfaces, respectively, witiiin tiie sampling 
period TS. regardless of which measurement posi- 
tion between tiie starting position No and the mea- 
surement end position Na the ultrasonic transducer 

rs 1 is located. The suitable values for tiie time period 
TS and tiie groove deptfi h2 vary depending on the 
frequency of ultrasonic waves, the sampling inter- 
val, the profile and tiiickness of an object to be 
. measured, etc. 

20 As described above, by detecting the pulses 
PI and P2 reflected at the front and back surfaces 
of tiie lens 3 only during tiie sampling period TS. 
the waves reflected at the bottom of tiie groove of 
the supporting means 21 A can be excluded and 

25 tine measurement of a profile of an object can be 
canied out witii reliability. Moreover, if the groove 
depth h2 is set to the smallest possible value 
satisfying ttie above-mentioned condition, the 
space for water defined under tiie lens 3 supported 

30 by the supporting means 21 A can be reduced, 
whereby floating of the lens 3 by the water surge 
can be eliminated witii a simplified structure. 

FIG. 31 shows anotiier modification of a sup- 
porting means. In FIG. 31, the supporting means 

35 218 is rotatable by a small-sized pulse motor 48 
arranged at the center of the bottom tfiereof. The 
motor 48 is connected to the computer 61 of the 
control device 60. and tiie angle of rotation of the 
supporting means 218 can be detected from the 

40 drive signal supplied to the motor 48. By rotating 
the supporting means 21 B, tiie section of the lens 
3 to be measured can be varied, and the measure- 
ment of individual sections can be automatically 
carried out by tiie control device 60. 

45 The method of measuring a profile of an object 
according to the present Invention can be applied 
not only to a lens immersed in ttie water, but also 
to objects of various materials under the water, 
such as metal, glass, ceramic, plastic, etc. 

50 

Claims 

1 . A mettiod of measuring a profile of an object 
55 by radiating an ultrasonic wave from an ultrasonic 
transducer to an object under water and detecting 
a reflected wave reflected at a surface of the ob- 
ject, characterized by comprising ttie steps of: 
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moving an ultrasonic transducer sequentially to a 
plurality of measurem nt points on an arc quidis- 
tant from a predetermined rotational center while 
opposing said ultrasonic transducer to the object: 
radiating an ultrasonic wave from said ultrasonic 
transducer toward said predetermined rotational 
center when said ultrasonic transducer is In each of 
said measurement points on said arc; 
receiving a reflected wave which has been radiated 
from said ultrasonic transducer and reflected at the 
surface of said object, by said ultrasonic trans- 
ducer: 

calculating a distance between said ultrasonic tran* 
sducer and the surface of said object in accor- 
dance with a difference between the time said 
ultrasonic transducer radiated the ultrasonic wave 
and the time said ultrasonic transducer received 
the reflected wave reflected at the surface of said 
object: 

calculating coordinates of the surface of said object 
from Coordinates of each of said measurement 
points and the calculated distance corresponding 
thereto: and 

obtaining a profile of said object from the cal- 
culated coordinates of the surface thereof in each 
said measurement point. 

2. The method according to claim 1 , character- 
ized in that a thickness of said object is obtained 
from the coordinates of a front surface thereof 
opposed to said ultrasonic transducer and the co- 
ordinates of a back surface thereof. 

3. The method according to claim 1 , character- 
ized in that said ultrasonic transducer is swung 
about a center of the ultrasonic radiation surface 
thereof at each of said measurement points while 
an intensity of the reflected wave at die surface of 
said object is measured, to detect an angle of 
swing where the intensity of tiie reflected wave is 
maximum, and said coordinates of the surface of 
said object are obtained from the detected angle of 
swing, in addition to the coordinates of each of said 
measurement points and the calculated distance 
conrespondlng to each of said measurement points. 

4. The method according to claim 1, character- 
ized in that said coordinates of each of said mea- 
surement points are calculated from an angle of 
rotation by which said ultrasonic transducer is 
turned along said arc about said predetermined 
rotational center, and a reference distance between 
said ultrasonic transducer and said predetermined 
rotational center, said reference distance being ob- 
tained by preparing a reference measurement jig of 
which a distance between a center and a surface 
thereof Is measurable, arranging said reference 
measur ment jig substantially concentrically with 
said predetermined rotational center, radiating an 
ultrasonic wave from said ultrasonic transducer to- 
ward said predetermined rotational center, measur- 



ing a distance between said ultrasonic transducer 
and the surface of said reference measurement jig 
through a detection of the reflected wave at th 
surface of said reference measurement jig. and 

5 adding the measured distance to the distance be- 
tween the center and the surface of said r Jerence 
measurement jig. 

5. The method according to claim 4, character- 
ized in that said reference distance is corrected by 

10 anranging a calibration piece whose surface con- 
figuration and curvature radius are known, in a 
predetermined position in place of said object, 
measuring the coordinates of a surface of the cali- 
bration piece at each of measurement points while 

16 said ultrasonic transducer is moved along said arc, 
and calculating the curvature radius of the surface 
of the calibration piece from the measured coordi- 
nates so that the calculated curvature radius Is 
substantially equal to the known curvature radius. 

20 6. The method according to claim 1, character- 
ized In that said coordinates of the surface of said 
object are calculated based on a difference be- 
tween the time said ultrasonic transducer receives 
the reflected wave reflected at the front surface of 

25 the object and the time said ultrasonic transducer 
receives the reflected wave reflected at the back 
surface of the object and a velocity of the ultra- 
sonic wave propagated tiirough the object, said 
velocity of the ultrasonic wave being obtained by 

00 placing a test piece of substantially the same ma- 
terial as that of said object, on a reference plane 
spaced at a known distance from said ultrasonic 
transducer, radiating an ultrasonic wave from said 
ultrasonic transducer toward said test piece, obtain- 
as ing a tiiickness of said test piece and a time of 
propagation of the ultrasonic wave through said 
object by detecting reflected waves reflected at tiie 
front and back surfaces of said test piece, and 
calculating said velocity of tiie ultrasonic wave from 

40 the obtained thickness and propagation time. 

7. The method according to claim 1 , character- 
ized in tiiat a center of propagation of the ultrasonic 
wave radiated by said ultrasonic transducer Is set 
to substantially intersect said predetenmined rota- 

45 tional center by arranging a reference measure- 
ment jig, instead of said object, substantially con- 
centrically with said predetemnined rotational cen- 
ter, radiating an ultrasonic wave from said ultra- 
sonic transducer, swinging said ultrasonic trans- 

50 ducer about a center of tiie ultrasonic radiation 
surface thereof while detecting a reflected wave at 
tiie surface of said reference measurement jig, and 
fixing said ultrasonic transducer at a swung position 
where an Intensity of the reflected wave detected 

55 by said ultrasonic transducer is maximum or a 
distance over which tiie ultrasonic wave Is propa- 
gated from radiation to reception th reof by said 
ultrasonic transducer is minimum. 
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8. An apparatus for measuring a profits of an 
object by radiating an ultrasonic wave from an 
ultrasonic transducer to an object supported by 
supporting means under water filted in a water tank 

and detecting a reflected wave reftected at a sur- $ 
face of the object, characterized by comprising: 
first moving means for moving said ultrasonic tran- 
sducer sequentially to a plurality of measurement 
points on an arc opposed to the object and equi- 
distant from a predetermined rotational center 10 
second moving means for moving said supporting 
means relative to said ultrasonic transducer, and 
setting said object in a predetermined position in 
said water tank; and 

control and calculation means for delivering a drive is 
signal to said first moving means to move said 
ultrasonic transducer sequentially to said measure- 
ment points, causing said ultrasonic transducer to 
radiate an ultrasonic wave when said ultrasonic 
transducer is in each of said measurement points. 20 
calculating a distance between said ultrasonic tran- 
sducer and the surface of the object In accordance 
with a difference between the time said ultrasonic 
transducer radiates the ultrasonic wave and the 
time said ultrasonic transducer receives the re- 2S 
fleeted wave reflected at the surface of the object, 
calculating coordinates of the surface of the object 
from coordinates of each of said measurement 
points and the calculated distance conesponding 
thereto, and obtaining the profile of the object from 30 
the calculated coordinates of the surface of the 
object at each of said measurement points. 

9. The apparatus according to claim 8. char- 
acterized in that said supporting means has a re- 
cess opposed to said ultrasonic transducer, for js 
receiving the object, and a groove extending along 

the direction of movement of said ultrasonic trans- 
ducer and having a bottom deeper than that of said 
recess. 

10. The apparatus according to claim 8, char- 40 
acterized in that said ultrasonic transducer is pro- 
vided with swinging means for swinging said ultra- 
sonic transducer about the center of uttrasonic radi- 
ation surface of said ultrasonic transducer. 
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@ A method of measuring a profile of an object 
wherein an ultrasonic wave is radiated from an ultra- 
sonic transducer toward an object supported by a 
supporting member in the water filled in a water 
tank, and a wave reflected at the surface of the 
object is detected by the transducer, and an appara- 
tus for carrying out the method. A traversing device 
moves the transducer sequentially to a plurality of 
£2 measurement points on an arc equidistant from a 
^ predetemnined rotational center while opposing the 
IT) transducer to the predetermined rotational center. A 
2 supporting device moves the supporting member 
^ relative to the transducer and sets the object in the 
predetemnined position under water. A control device 
delivers a drive signal to the traversing device to 
move the transducer sequentially to the measure- 
O ment points, causes th transducer to radiate an 
n ultrasonic wave when the transducer is In each of 
LU the measurement points, calculates a distance be- 
tween the transducer and tiie surface of the object in 
accordance with a difference between the time the 



transducer radiates the ultrasonic wave and tine time 
^transducer receives the wave reflected at the surface 
of the object, calculates coordinates of each of the 
measurement points, and coordinates of the surface 
of the object corresponding to each of the measure- 
ment points from the calculated distance, and ob- 
tains the profile of the object from the calculated 
coordinate of the surface of the object at each of the 
measurement points. 
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